Because of their small scale and large share of intermittent power sources, islanded microgrids require additional means of flexibility, such as dedicated storage. For controlling the loads and distributed generation (DG) units in an islanded microgrid, the voltage-based droop (VBD) control has been developed. This controller determines the switching actions of these units' power electronic interfaces in order to ensure a stable islanded microgrid operation. In this paper, the VBD control is extended for storage applications, taking into account the state of charge. As the VBD control automatically fixes the priority of power changes of the microgrid elements, the storage elements are included in this priority list without inter-unit communication, benefiting the coordinated integration of DG units in the system. Simulation examples are included illustrating the transient and dynamic response of the VBD control of all grid assets. The paper also provides an experimental validation of the VBD control for both the DG units and the storage elements in an islanded microgrid.
Introduction
There is an urgent need for more flexibility in the electric power system because the electric grid lacks a substantial storage capacity. Nowadays, the balancing of the power system faces some problems. Firstly, it is hard to impossible to accurately predict the demand, the occurrence of incidents on the grid and the renewable energy output. Secondly, the load and renewable generating units are to a large extend inflexible, i.e., they do not react on changes in the power system. Instead of taking the conventional approach of investing in grid assets, which requires long lead times and massive investments, flexibility is increasingly being sought elsewhere, e.g. by dynamically controlling the DG units and loads. Another means for providing more flexibility can be given by storage equipment. For instance, in [1] , the operational benefit of a microgrid with wind farm and pumped hydro storage facility is maximized through optimal scheduling in the electricity market. Storage is regarded as not yet economically viable, however, in the future, this may not be the case any more. Even more, not only the economic impact, but also the reliability and environmental assessment should be taken into account for evaluating a microgrid with storage facilities [2] . The potential of energy storage to provide voltage regulation and peak shaving is increasing, e.g., using batteries for supporting the operation of the distribution grids gains wide interest. Even more so than in large interconnected systems, in small islanded systems, energy storage is an important asset. The electrification of autonomous systems often deals with high production costs combined with low quality of supply. The paper [3] estimates the mean annual cost reductions by using energy storage for primary reserve and peak shaving in two isolated Spanish power systems. Also, the optimum sizing of energy storage systems for islanded systems has been widely discussed [4, 5] . On one hand, dedicated storage equipment can be installed in the networks. A first, and often-used example are pumped storage hydro facilities, but the available locations for these units are restricted due to geographic issues. Flywheels and battery banks also provide opportunities for dedicated storage. On the other hand, some already installed grid assets can be used as storage equipment, where the storage property becomes an ancillary service. In this sense, electrical vehicles provide huge opportunity. They can either be used as buffer elements, altering their charging times based on the state of the network, which is analogous to demand response. Or, they can be used as storage element with bi-directional power flow. Microgrids are widely regarded as pilot versions of the grid of the future and fundamental building blocks of the smart grid [6] . Microgrids consist of an aggregation of distributed generation (DG) units, (controllable) loads and often also storage elements [7] . Many microgrid elements are powerelectronically interfaced to the network. Hence, the microgrid control entails the converter control, an overview of which is given in [8] . Microgrids can operate both in grid-connected mode and islanded mode [9] . In the gridconnected mode, the microgrid offers economic benefits for its participants by allowing them to participate in the electricity markets more easily and beneficially. For the network operators, grid-connected microgrids can be seen as single entities, providing them scaling benefits in their system management. Although the normal operation of the microgrid is generally the grid-connected mode, microgrids can island during special circumstances. In case of problems in the utility network, such as grid outages or low power quality, microgrids can offer a significant reliability improvement. By operating in the islanded mode, microgrids can also enable maintenance of the grid assets without de-electrifying the network downstream, which is demonstrated in Canada [10] . Also, remote microgrids can help electrifying areas that otherwise have no grid access. This is a significant contribution of microgrids as it is often emphasized that electrification is an important condition for achieving a sustainable economic development. Even more so than in the conventional electric power system, storage elements are fundamental components of a microgrid, in order to maintain stability, facilitate integration of renewables and improve power quality [11] . Energy storage application in microgrids also provides a test environment for storage extended to the utility grids. The authors have analyzed the microgrid islanded operation and proposed a control strategy for the DG units as well as the loads. This strategy, called the voltage-based droop (VBD) control, is a primary controller, hence, it is responsible for the reliability of the microgrid [12] . Therefore, it operates fast and automatically. Further issues, such as economic optimization or taking into account the long-term constraints of the grid elements are handled in an overlaying secondary controller [13] . The VBD controller uses the grid voltage as the non-conventional parameter for the active power sharing between the different DG units. The reason for using the voltage amplitude as trigger is the low inertia available in the considered low-voltage islanded microgrids and the high R/X values of the distribution lines. In this paper, storage equipment will be utilized in addition to the DG and load control. An analogous control strategy for the storage equipment is presented, based on voltage droops and constant-power bands like the VBD control. This enables an optimal coordination of the responses of the different grid assets. After a load change, an automatic priority is set, such that for instance first the controllable DG units, later the storage elements, then the controllable loads and last the other grid elements alter their output/input power. A main advantage is that this priority is followed without inter-unit communication between the units, benefiting the reliability of the microgrid. As the paper presents a generic control strategy, it does not consider the specific energy storage technology, such as batteries and flywheel energy storage, and modeling. An overview of this is given in [11] . In § II, the VBD control for the DG units and loads is summarized. In § III, the VBD control for storage equipment is presented. Some simulation examples, including a transient study ( § IV) and some dynamical studies ( § V) are discussed. Finally, § V presents some experimental results of firstly, the VBD control of the DG units in an islanded microgrid, and secondly, that of the storage equipment.
Voltage-based droop control: overview

VBD control of DG units
A survey of various primary control strategies for islanded microgrids is given in [14] . For (extended) islanded microgrids, the droop control concept is most promising to ensure a reliable system operation. Droop controllers in microgrids are derived from the well-known active power/grid frequency (P /f ) droop control principle incorporated in the large central synchronous generators in the conventional electric power system [15, 16] . Different variants on P /f droops have been developed, such as adaptive droops [17] and virtual impedance loops [18, 19] . While the P /f droop control-based methods work well in a microgrid with mainly inductive line impedances, it leads to a concern when implemented in a low-voltage microgrid, without significant inertia and with predominantly resistive lines [20] . In case of mainly resistive lines, the active power (P ) is linked with the voltage difference (V ), while reactive power (Q) is linked with the phase angle, hence frequency (f ). This leads to P /V and Q/f droops as opposed to the conventional P /f and Q/V droops [21, 22] . The voltage-based droop (VBD) microgrid control ( Fig. 1) of [12] for islanded microgrids is a variant of the P /V droop control that focuses on an optimal integration of renewables in the network and also incorporates a dc-bus controller. As it is a local primary controller operating without communication, the VBD controller is responsible for the reliability of the system. This VBD controller takes into account the lack of inertia, resistive lines and high share of renewables which are specific characteristics of the considered low-voltage islanded microgrids. It offers high flexibility to address different kinds of distributed energy resources to ensure a stable microgrid operation. As discussed further in the paper, these units are addressed in a predefined priority order, without need for communication. This control goes beyond the state of the art that uses the fit-and-forget approach for integrating DG, which poses limits on the number of renewable sources in the network. In the VBD control, the P /V droop controller is divided into two droop controllers, the V g /V dc and P dc /V g droop controllers, with V g the rms value of the terminal voltage, V dc the dc-link voltage and P dc the dc-side power as depicted in Fig. 2 . The V g /V dc droop controller is responsible for balancing the ac and dc-side of the inverter. A difference in dc-side and ac-side power is reflected in a change of the dclink voltage V dc . The V g /V dc droop controller alters the ac-side power based on a measurement of V dc by changing the amplitude of the inverters' terminal voltage V g , such that further dc-link voltage change is inhibited. Of course, the grid voltage should be kept inside the limits. Hence, the P dc /V g droop controller changes the dc-side power P dc based on the value of V g . A constant-power band on this change of P dc is included as depicted in Fig. 1 . This constant-power band is a voltage band in which the DG unit does not modify its output power based on the state of the microgrid. The parameter 2b in in Fig. 1 determines the width of the constant-power band. In case the terminal voltage V g of the DG unit is in the constant-power band, i.e.,
the DG unit delivers its reference power P dc,nom . Otherwise, the power of the DG unit is changed based on the state of the microgrid.
A distinction is made between dispatchable and less dispatchable DG units as illustrated in Fig. 3 . For dispatchable DG units, analogously as for the central large generators, P ref represents the scheduled power that can be determined in the electricity markets. In this case, the value of b is small, such that the unit reacts on small variations of the grid voltage. For less dispatchable DG units, such as many renewables, a wider constantpower band is used. In this way, these units do not react on all load vari- The latter may give rise to oscillation problems due to multiple switching of DG units and a significant loss of the renewable energy potential. In contrast, the VBD controller uses soft power curtailment to capture more of the renewable energy. In this way, voltage problems can be overcome as the renewables also take part in the voltage control [23] . For the reactive power sharing and the synchronization of the DG units, a Q/f droop controller is used. As shown in Fig. 1 , the V g /V dc and Q/f droop controllers, which are digital controllers, determine the droop voltage v g,droop,k = V g,k sin(α k ) (k is the discrete time instance and α the phase angle of the reference voltage). Discrete values are utilized because pulse width modulation with sampling period T s is used in the converter. The amplitude V g of the droop voltage is set by the V g /V dc droop controller and the phase angle is obtained from the frequency f in the Q/f droop controller. Together, they determine
Fig. 1 also shows the virtual output impedance loop. A resistive output impedance z v = R v is chosen as this provides more damping in the system [18, 19] and complies with the power control strategies of the loads and generators:
with v g the reference voltage for the voltage controller, v g,droop the voltage obtained by the VBD controller and i g the current injected into the microgrid, as illustrated in Fig. 2 .
VBD control of loads
Because of the small scale of the microgrid and the large share of intermittent power sources, relying only on the DG units for the primary control may prove to be insufficient in islanded microgrids. Therefore, the loads are equipped with an analogous VBD control as the DG units [24] . Like in the DG units, the voltage is used to alter the consumption, with an example given in Fig. 4 . Fig. 4 (a) shows a conventional load, not acting on the state of the power system, while in Fig. 4 (b), VBD control is included in this load, combined with a relay function for avoiding frequent switching. This is still a primary controller, operating fast and with negligible effects for the loads, e.g., a short-term (seconds) turning off a heating or ventilation system, or briefly changing the set temperatures of industrial freezers. A secondary controller will further deal with the specific load constraints, desires and the economic effect. By also including constant-power bands in the load control, an automatic priority allocation can be set, e.g., (i) dispatchable DG units, (ii) controllable loads, (iii) less dispatchable DG units, (iv) other loads. The band is wider from category (i) to (iv).
Voltage-based droop control of storage
Similar with the VBD control of the DG units and loads, in this paper, a VBD control is included in the storage elements as well. The VBD control has been developed for low-voltage microgrids which are characterized by mainly resistive microgrid lines inducing a linkage between active power P and grid voltage amplitude V g . Hence, P /V g droops instead of the frequency based control (P /f droop control) is used for the active power sharing between the units, including the storage elements, in the network. A generic storage element is considered and the control strategy is a primary control strategy. The main difference with the already-developed VBD control is that the state of charge (SOC) of the storage element needs to be taken into account. An overview of the control layout is depicted in Fig. 5 . The V g /V dc droop and Q/f droop controllers and the resistive virtual impedance z v = R v , are the same as in the DG units. The P dc /V g droop controller is however different in the storage elements. First, the storage elements are equipped with a P dc /V g droop controller that determines the active power output of the storage element where V g,ref instead of V g,nom determines the droop. Also, generally in storage elements P dc,nom equals 0 W as Fig. 5 shows:
3) The droop K P is generally determined according to the ratings of the units, such that
is equal for each DG unit. A constant-power band of width 2b · V g,nom is included, as depicted in Fig. 6(a) . The first reason for implementing this band in the storage units is to allow for the normal variation of the grid voltage from its nominal value, i.e., between the voltage limits. The second reason is to allocate an automatic priority for the power changes between the different microgrid elements. The constant power band of the storage element is normally larger than that for controllable DG units, but smaller than for less controllable DG units and loads. In this way based on voltage changes, first, the controllable DG units react, e.g., by changing the fuel intake of a diesel genset. Next, storage elements react. If these are not sufficient, finally, the loads or less dispatchable DG units will alter their power exchange with the microgrid. Opposed to the loads and DG units, P ref of the storage element is equal to zero. The reference power can also be changed by a secondary, communication based controller that overlays the described primary VBD control strategy. This change can be based on forecasts of the consumption/injection and market prices. With P dc /V g droop control with constant-power band, a static list in the reaction of the different units by setting the value of b is imposed. The static listing can be dynamically varied by a slower, communication-based secondary controller changing b of the units. However, for the storage element, the listing of this unit should be altered dynamically without inter-unit communication and based on its SOC, which is possible by the primary controller as it depends on local measurements only. For example a nearly empty storage element cannot react to voltage drops, which should be reflected in the control strategy. Therefore, second, the SOC of the unit is taken into account, with: 
When the storage element is half full, i.e., SOC equals 0.5,
with V g,nom the nominal value of the considered microgrid, here 230 V. In case the SOC of the storage element is low, the V g,ref /SOC curve lowers V g,ref .
This shifts the P dc /V g droop curve to the left, such that the delivery of power to the network in case of low terminal voltages is postponed to even lower voltages and the consumption of power is facilitated in case of a high grid voltage. High SOCs lead to a shift of the P dc /V g droop curve to the right, facilitating the delivery of active power. Also, there is a dead band included in the V g,nom /SOC curve. Third, some specific constraints of the storage element are taken into account. The SOC limits are taken into account by enforcing that if SOC < SOC low (e.g., 0.05), P ≤ 0 (P smaller than zero indicates consumption of active power by the storage element) and vice versa, when SOC > SOC high , P ≥ 0, thus, injection of active power into the microgrid. An adequate value for SOC low equals 0.3 and SOC high equals 0.7. The droop K S is equal to 23, following
. The droop K P of the P dc /V g droop controller is set in a similar manner, i.e., is generally determined according to the ratings of the units, such that K P = P dc,nom ∆Vg . Here, the full power is injected for a voltage change of 10 V (= ∆V g ). For the reactive power control, a Q/f droop controller can be included, similar to that in the DG units. In this way, the storage element can also contribute in the reactive power sharing.
VBD storage control: transients study
In the following simulation, the microgrid control in an islanded microgrid with one DG unit and one storage element is studied. First, the transient effects are studied in a simplified resistive microgrid. Next, inductance is included in the network lines showing a minimal impact. The DG unit is modeled upto the level of the converter switches by using the PLECS library in MatLab/Simulink. The dc-side source of the DG units is simplified as a current source because a short-term transient study is made, i.e., the primary droop controller is studied. The difference in modeling for instance a PV panel and a diesel generator is the width of the constant-power band as generic DG units are used. The same is valid for the storage elements, i.e., generic elements are considered. Therefore, the dc-side is modeled as a current source, representing e.g., a battery (voltage source) behind a boost dc/dc converter which is controlled as a current source. Details concerning energy storage modeling are given in [11] . The storage element starts loading (P < 0 W) for high V g and delivers power to the microgrid (P > 0 W) is case of low V g . In this way, the storage element supports the microgrid. Helped by the usage of VBD control, high voltages occur for low load burden simultaneous with high renewable injection. As it is a primary controller, thus, without communication, the P dc /V g droop controller enables the storage element to assist the microgrid by charging, hence, avoiding curtailment of the less dispatchale DG units. The charged power can again be injected into the microgrid in case of low grid voltages V g . Again, this is triggered without communication as low voltages indicate a high load burden simultaneous with low injection and the dispatchable DG units already injecting close to their limits. The DG unit is connected through a line impedance of 0.5 Ω to a load of 15 Ω, which in turn is connected to the storage element through a line impedance of 2 Ω. The transient effects after output changes of the DG unit are studied. From 0 < t < 0.4 s, the nominal output power of the DG unit equals 2 kW, from 0.4 < t < 0.8 s it increases to 2.5 kW and from 0.8 < t < 1.2 s it becomes 4.5 kW. The DG unit is equipped with a large constant-power band with b = 8 %, e.g., representing a PV panel with a changing solar irradiation. In the simulation results of Fig. 7 , a storage element is included in the microgrid. This storage element has a maximum output power of 3 kW and has sufficient capacity such that the SOC is not affected significantly in this simulation. It operates without constant-power band. A small-scale microgrid is considered as large state variations can be imposed to clearly show the effects of the controllers. In the first time span, the terminal voltage of the storage element is below the nominal value, such that it contributes in the grid control by delivering active power to the microgrid. In the last time period, the DG unit is delivering significantly more active power, such that the storage element starts charging. In Fig. 7 , relatively large voltage variations are observed. The reason is that a small microgrid without storage element is chosen. Also, the units are mainly inflexible. The primary controller studied here takes care of the transient effects, which are the focus of the paper. However, this primary controller is assisted by a secondary controller taking care of the energy management, thus, voltage management, in the islanded microgrid by dispatching and planning the microgrid assets. Finally, in Fig 8 , the line parameters (R/X = 3) and the load (load factor of 0.95) have an inductive part. The simulations show a minimal effect on the voltage, and virtually no transient effect. The same conclusion is drawn in [12, 24] , hence, in the dynamics study of the following paragraph, an average model not taking into account inductive elements, can be used for studying longer simulation times. 
VBD storage control: dynamics study
In the previous simulation, the SOC of the storage element did not change significantly because of the short simulation time. The reason is that for the transient study, the grid assets were modeled upto the converter switches in MatLab/Simulink, by using the PLECS library. In the following simulations, averaged models are used enabling longer simulation times. In averaged models, the storage elements and DG units are represented as voltage sources with voltage reference derived from the VBD control. Hence, opposed to the previous simulations, no switches and voltage controller are included. Only active power variations are studied (reactive power and frequency changes are studied above). The reason to leave out specific DG and storage details is that here, the interaction with the grid is considered in a generic manner. The time scales from storage/DG point of view are still short (16 s), from a grid's point of view they are large. First, a small microgrid is studied with significant changes in the SOC and next, a larger microgrid with more dynamic events.
Slow dynamic changes
The studied microgrid configuration is depicted in Fig. 9 . Dynamic variations in the load and generation are included ('//' denotes 'in parallel with'), Table 1 . Three cases are compared. First, Next, the contribution of a storage element is analyzed. Finally, the impact of some flexibility of the DG unit is studied.
No flexibility in storage element nor DG unit
First, all DG units are undispatchable (b = ∞) and no storage is included in Fig. 10 . The voltage limits are exceeded for a large amount of time, i.e., 10 < t < 16 s. This illustrates the need for flexibility.
Flexibility in storage element not in DG unit
Therefore, in Fig. 11 , a storage element with b = 0 % is included, with a maximum output/input power of 4 kW and a maximum capacity of 10 mAh (i.e., a very small storage element in order to magnify and fasten the effect of the SOC changes). The initial SOC equals 0.5. The voltage limits (±10%V g,nom ) are exceeded for a smaller amount of time, i.e., 12.1 < t < 16 s. This illustrates the need to properly tune the flexibility of all grid elements (constant power bands of DG units, loads and storage elements as well as the storage buffer). In the first time span 0 < t < 1.4 s, the SOC of the storage element is between 0.3 and 0.7, which is the dead band of the V g,nom /SOC curve (SOC low = 0.3 and SOC high = 0.7 in Fig. 6 ). Hence, V g,ref = V g,nom and remains constant. As in this time span, the terminal voltage of the storage element is slightly under its nominal value, the storage element delivers power to the network. Next, the SOC drops below 0.3, leading to a decreasing V g,ref (V g,ref < V g,nom ), proportionally with SOC. This shifts the P dc /V g droop curve to the left, decreasing the power delivery. At t = 3.5 s, the load burden decreases, which increases the terminal voltages. As V g,storage < V g,ref , the storage element starts charging. At t = 5 s the load decreases even more, leading to an increased consumption of the storage equipment. At t = 6.7 s, the rate of charging the storage element decreases as the SOC again reaches the 0.3 value, hence, V g,ref = V g,nom . From t = 11.5 s on, the storage element is full, losing the flexibility for the voltage control in the microgrid.
Flexibility in both storage element and DG unit
When some flexibility is included in the DG units as well, the voltage limits are not reached. For instance, DG1 is a slightly controllable DG unit with constant-power band of b = 8 %. DG2 is more dispatchable with b = 5 %. Hence, although this remains a microgrid that is to a large extend still inflexible, the combination of storage and some flexibility in the generations significantly improves the voltage quality. Both units have a droop K P = P nom /10. In this case, only DG2 needs to react, i.e., P < P ref = 6 kW in the last time spans to avoid voltage limit violation.
Summary
The simulations show that the storage element alone has already a significant positive effect on the microgrid operation. The cooperation between the storage element and flexible DG units, through VBD control, helps avoiding voltage limit violation with a minimal curtailment of the renewable energy sources. Also, the VBD controllers of the DG unit and the storage element operate appropriately together in assuring a reliable microgrid operation, priority in activation of output power changes and in voltage control. Even better results would be obtained when including a slow communicationbased controller. The storage element's VBD controller reacts as desired, i.e., the reaction of the storage element is based on its SOC as imposed by the droop in Fig. 6b ; and based on the terminal voltage as imposed by Fig. 6(a) .
Fast dynamic changes
In the following simulation, some faster dynamical events are included in order to study the effect of changing parameters in an islanded microgrid including a storage element, flexible DG units and flexible loads (demand dispatch). Two cases are compared, i.e., with and without storage element. The microgrid configuration of Fig. 12 is studied. The main microgrid parameters are detailed in the table of Fig. 12 . This is the same microgrid as in [24] , here with inclusion of storage. This microgrid consists of three power sources DG1, DG2 and DG3, the details of which are given in Fig. 12 . The nominal generated dc currents are: I dc,1 = 12 A, I dc,2 = 8 A and I dc,3 = 5 A. The loads considered here are a combination of variable and non-variable loads. The simulations mimic a dynamic profile, with dynamic events such as losing a generator (DG2) and changing the demand dispatch (R var,1 and R var,2 ). Further details concerning the demand dispatch strategy are presented in [24] . Note that the transients follow very quickly. The reason is to have short simulation times, as the steady-state conditions give no further information. Starting from 230 V without demand dispatch: t = 0 s: all DG units operate at 100 % (nominal) current; t = 0.35 s: DG3 switches off; t = 0.36 s: start of the demand dispatch for both variable loads according to the previous case. The demand dispatch operates with a delay, for stability reasons, to include measurement and responsive delay and for practical reasons in the implementation in the loads. The storage unit has a maximum output power of 4 kW, which it can deliver during 0.4 s (i.e., a small capacity of the storage element for decreasing the simulation times). Its initial SOC equals 0.5 and the SOC measurements are updated each 0.1 s. The simulation results are depicted in Fig. 13 . The SOC remains between 0.48 and 0.58. 0 < t < 0.35 s: After a start-up transient, the terminal voltages reach V g,1 = 221 V, V g,2 = 224 V, V g,3 = 240 V and for the storage element V g,stor = 232 V. Hence, the storage element charges. 0.35 < t < 0.7 s: The demand signal for both variable loads turns on. Despite the loss of DG3, the contribution of the demand dispatch leads to a small voltage increase to V g,1 = 226 V, V g,2 = 228 V, V g,3 = 240 V. As the storage element is connected near the DG unit (DG3) which is turned off, the voltage at this location slightly decreases, i.e., V g,stor = 228 V. Therefore, the storage element changes its state from consuming to delivering some active power to the microgrid. 0.7 < t < 0.85 s: Higher microgrid voltages are obtained because of the activation of DG3. Hence, the storage element's delivered power decreases slightly. 0.85 < t < 1 s: At 0.85 s, the demand signal of R var,1 is turned off. The load turns back on, leading to a higher load burden. Therefore, the microgrid voltages are slightly decreased and DG1 and DG2 respond by increasing their output current. The storage element decreases its power consumption. sible over and under voltages can be reached. For instance, in the first time span, by consuming, the storage element is effective in decreasing the voltage near DG3. This shows that certainly in small-scale microgrids with limited demand response and a significant share of renewables, storage can largely improve the voltage quality.
Experimental results
The experimental microgrid set-up consists of two voltage-source inverter (VSI) interfaced DG units and various loads. The inverters have been realized by using a printed circuit board that was developed at Ghent University. In the experiments described here, this inverter is applied in a single-phase configuration by using a full-bridge. The dc-side of the inverter, i.e., the energy source, is emulated as a dc current source by means of the Sorensen SGI6000/17C source. In the experiments, the islanded microgrid consists of two DG units connected to the same load through line impedances. The measurements are digitized by using 12-bit analogue-to-digital converters (ADCs). An FPGA Spartan 3E 1600 is used for determining the PWM signals. Table 2 illustrates the power sharing between the two DG units for varying loads, constant power bands and dc-current of the DG units. The nominal ratings of the units are I dc,nom = 2 A, V dc,nom = 200 V and V g,nom = 160 V amplitude. The DG units are operated as current sources at the dc-side and the effect of changing load and dc current is studied. When comparing cases 1-2, the units deliver the same I dc for a variable load showing that V g is altered when the load changes, i.e., according to the V g /V dc droop controller. Here, if the load increases (the dc-link voltage decreases), the output power decreases. This is because the DG units are modeled as constant dc-current sources. For instance, for wind turbines and photovoltaic panels, this is a valid assumption for transients, i.e., the primary control considered here.
VBD control of the DG units
For larger time frames, they are constant-power sources (as long as solar irradiation or wind power remains equal), hence, I dc alters when V dc changes. In cases 1-3, units with b = ∞ are used, hence, with a fixed I dc . Here, the delivered dc-current I dc equals a pre-set value. In case 2, the load has significantly increased. This is clearly visible in the lower grid voltage because of the large constant-power band. In the case 3, the larger output powers of the DG units lead to higher microgrid voltages compared to case 1. In the cases 4-5, DG1 is dispatchable (b = 0 %), while DG2 remains with large (here, infinite) constant-power band. Hence, the output current of DG1 is determined by the I dc /V g droop controller, which is equivalent with the P dc /V g droop controller, thus, I dc,1 = I dc,1,droop , and I dc,2 = I dc,2,nom . When comparing the cases, indeed DG1 captures the changing load by altering the output I dc . Compared to case 2, in case 5, the voltage is clearly closer to its nominal value of 160 V because of the presence of a dispatchable DG unit. In conclusion, the active power is shared according to the ratings of the DG units. For undispatchable DG units, the terminal voltage is altered to deliver the available power to the islanded microgrid. Dispatchable DG units alter their input power (I dc ) to force the voltage closer to its nominal value.
Storage control
Next, one undispatchable DG unit and a storage element are connected to the microgrid set-up. The storage element has been implemented as a dcbattery emulator connected to the dc-link of an inverter of the same type as that of the DG unit. Here, large droops (thus, not taking into account voltage limits) are included to clearly show the effect of changing parameters. The DG unit and the storage element are connected to the load of 27 Ω through a line resistance of 3.6 Ω each. The measurement results are summarized in Table 3 . For the cases 1 to 4, the DG units' output power has increased. If the terminal voltage would not alter, this results in an increasing V dc . Because of the V g /V dc droop controller and the large constant power band, V g increases to deliver the available power to the network. The storage element senses this increasing terminal voltage and increases its charging from cases 1 to 4.
In Table 4 , the same configuration is measured, but the storage element has a lower rating (lower P max in Fig. 6 ). The results show that for the same voltage (e.g., comparing cases 2 in Table 3 and Table 4 ), the consumption (negative P ) of the storage element is lower such that the DG unit can deliver less power (or even needs to be curtailed more). Also, for the same active power output of the DG unit, the storage element consumes less in Table 4 , resulting in higher terminal voltages. 
Conclusion
This paper presents a voltage-based droop control for the storage elements in islanded microgrids. This storage controller adequately cooperates with a similar voltage-based droop control of the other microgrid elements, such as the controllable loads and the DG units. As the microgrid control is without communication and the storage elements assist in the microgrid control in a coherent manner with the other grid assets, this strategy benefits the microgrid stability and makes for a consistent control strategy. Because of this consistency, it enables a swift implementation and comprehension in managing the microgrid in practice. Some simulations are discussed, firstly showing the transient effect of the control strategy. Secondly, more extensive simulations show the voltage-triggered reaction of the controllers of the loads, generators and the storage elements on varying dynamical simulations. Finally, an experimental validation is presented concerning the VBD control for DG units and its cooperation with storage control. This paper illustrates that using the terminal voltage for the primary control is effective to enable a proper cooperation of the different grid assets in the microgrid control with a similar control strategy and without inter-unit communication.
